Abstract. In our previous study, we reported that heparan sulfate 6-O-sulfotransferase-2 (HS6ST2) plays an important role in the cartilage of patients with osteoarthritis and Kashin-Beck disease and that it regulates aggrecan (Acan) metabolism and the viability of chondrocytes. However, its role in chondrocyte differentiation remains poorly understood. In the present study, we aimed to investigate the role of HS6ST2 in chondrocyte differentiation in vitro using mouse prechondrocytic cells. We found that the overexpression or silencing of HS6ST2 significantly enhanced or abrogated the effects of fibroblast growth factor (FGF)-2 on chondrocyte growth, respectively. We found that the overexpression of HS6ST2 significantly induced the expression of Acan as well as the amount of total proteoglycans in the prechondrocytic cells in the presence of FGF-2, whereas the silencing of HS6ST2 caused the opposite effect. Furthermore, the expresssion of FGF-2-induced sex-determining region Y-type high mobility group box protein 9 (SOX9), a major transcription factor for chondrocyte proliferation and differentiation, was also enhanced or blocked by HS6ST2 overexpression or HS6ST2 knockdown, respectively. Additionally, Wnt/β-catenin signaling, which inhibited chondrocyte proliferation and differentiation, was suppressed by HS6ST2. Taken together, these data suggest that HS6ST2 plays an important role in regulating chondrocyte growth and differentiation by modulating FGF-2 signaling, thus indicating that it may be a potential and valuable molecular target for the treatment of skeletal dysplasias, such as dwarfism.
Introduction
Chondrocytes play an important role in skeletal development as they undergo proliferation and differentiation processes in the cartilage anlage and form a cartilaginous growth plate, thus contributing to endochondral ossification and bone growth (1) (2) (3) . The dysregulation of chondrocyte growth and differentiation impairs endochondral ossification, leading to the development of severe skeletal dysplasias in human and animal models, such as dwarfism (4, 5) .
Heparan sulfate is a type of linear polysaccharide ubiquitously distributed in the extracellular matrix and cell surface that is capable of interacting with growth factors and receptors, and thus it affects numerous pathological and biological processes (6, 7) . The functional chains of heparin sulfate are produced by Golgi-resident enzymes, such as the O-sulfotransferases. The 6-O-sulfate content of heparan sulfate is catalyzed by heparan sulfate 6-O-sulfotransferases (HS6ST), which contribute to the transfer of sulphate to C-6 (an exocyclic carbon) of the glucosamine residue in heparan sulfate (8, 9) . HS6ST2 is a member of the HSTST family that has been implicated in various cellular processes, such as organogenesis or tumorigenesis (10, 11) . It has been suggested that the 6-O-sulfation of heparan sulfate contributes to the formation of a trimolecular complex which includes heparan sulfate, fibroblast growth factor (FGF) and its receptor (FGFR); of these, FGF is the most thoroughly investigated (9, 12, 13) .
It has been suggested that FGF plays a pivotal role in embryonic development, including limb development (14) (15) (16) . Moreover, it has been reported previously that FGF-1 and FGF-2
Overexpression of heparan sulfate 6-O-sulfotransferase-2 enhances fibroblast growth factor-mediated chondrocyte growth and differentiation are expressed during chondrocyte differentiation (17, 18) . The FGF receptors, including FGFR1a and FGFR2, have been shown to affect chondrocyte maturity and cartilage development in the pharyngeal endoderm (19) . Murakami et al (20) demonstrated that FGF-2 promotes chondrocyte differentiation by upregulating the expression of sex-determining region Y-type high mobility group box protein 9 (SOX9) in primary chondrocytes and prechondrocytic cells. Previous studies have also reported that SOX9 is expressed in chondrocytes and prechondrocytic cells during embryonic development as a master transcriptional factor for chondrocyte differentiation, which is associated with regulating cartilage-specific proteins, such as aggrecan (Acan) (21, 22) . In recent years, studies have increasingly focused on the role of HS6ST2 in regulating cellular and pathological processes (10, 11) . However, the role of HS6ST2 in chondrocyte growth and differentiation is not yet fully understood. In our previous study, we reported that HS6ST2 expression was significantly decreased in the cartilage of patients suffering from osteoarthritis and Kashin-Beck disease and was associated with cell proliferation and Acan metabolism in chondrocytes (23) . These data suggest that HS6ST2 is involved in regulating chondrocyte growth. However, whether HS6ST2 is involved in regulating chondrocyte differentiation is an important matter which merits thorough investigation and clarification. Therefore, this study was carried out in order to determine the role of HS6ST2 in chondrocyte differentiation by modulating HS6ST2 expression. We demonstrate that HS6ST2 plays a critical role in regulating FGF-2-mediated chondrocyte growth and differentiation in vitro using prechondrocytic cells.
Materials and methods
Cell culture. Mouse prechondrocytic ATDC5 cells were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). They were cultured in Dulbecco's modified Eagle's medium (DMEM; Life Technologies, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS; Gibco, Rockville, MD, USA) containing 100 mg/ml streptomycin and 100 U/ml penicillin (Sigma, St. Louis, MO, USA) in a humidified atmosphere containing 5% CO 2 at 37˚C.
Cell transfection. Full-length mouse HS6ST2 cDNA was amplified and subcloned into the pcDNA3.1 mammalian expression vector. Null vectors (pcDNA3.1) without exogenous DNA fragments inserted were used as the controls. Lentiviral (LV)-shHS6ST2 and non-specific LV-shRNA were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Cell transfection was performed according to the manufacturer's instructions. To investigate gene overexpression, the plasmids (1 µg) were diluted in 500 µl of DMEM containing 5 µl Lipofectamine (Invitrogen, Carlsbad, CA, USA) and added to the cells for incubation. For gene knockdown, LV-shRNA was transduced into the cells according to the manufacturer's instructions. Briefly, the cells were cultured in normal medium for 24 h before being cultured in medium containing Polybrene (Santa Cruz Biotechnology, Inc.). The cells were then infected with LV-shHS6ST2 or LV-shRNA [0.5x10 5 plaque-forming units (pfu)] overnight. The old medium was discarded and new medium without Polybrene was then added followed by incubation overnight. Stable clones expressing shRNA were selected with puromycin dihydrochloride (Santa Cruz Biotechnology, Inc.).
Alcian blue staining assay. The cells were transfected with pcDNA3.1-HS6ST2 or LV-shHS6ST2 in the presence of recombinant mouse FGF-2 (5 ng/ml; ProSpec, Rehovot, Israel) and incubated for 5 or 10 days. The cells were fixed with methanol at -20˚C for 40 min, and this was followed by staining with 0.5% Alcian Blue 8 GX (Sigma, St. Louis, MO, USA) for 24 h. After being washed with phosphate-buffered saline (PBS), the cells were lysed in 6 M guanidine HCl for 6 h. The absorbance at 630 nm was measured using a microtiter plate reader (Thermo Electron Corp., Vantaa, Finland).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted using TRIzol reagent (Life Technologies) as per the manufacturer's instructions. cDNA was synthesized using Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase (Clontech, Palo Alto, CA, USA) with 5 µg of total RNA as the template. A mix containing the cDNA template, corresponding primers and SYBR-Green qPCR Master Mix (Thermo Fisher Scientific, Shanghai, China) was subjected to qPCR quantification (template denaturation step at 94˚C for 4 min; this was followed by 30 cycles of 20 sec at 94˚C, 30 sec at 55˚C, and 20 sec at 72˚C). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. Relative gene expression was quantified by normalization to GAPDH.
Western blot analysis. Proteins were extracted from the cells using a Total Protein Extraction kit (Applygen Technologies, Beijing, China), and the protein concentration was determined using the Bradford protein assay. A total of 25 µg of protein was isolated by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and subsequently transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 2.5% non-fat milk for 1 h at 37˚C. Primary antibodies were diluted in blocking buffer and were then added followed by incubation overnight at 4˚C. After being washed with Tris-buffered saline containing 0.05% Tween-20 (TBST), the membranes were incubated with goat anti-rabbit polyclonal horseradish peroxidase (HRP) conjugated secondary antibodies (dilution 1:2,000) (bs-0295G-HRP; Bioss, Beijing, China) for 1 h at room temperature. Subsequently, the membranes were washed again with TBST, and the immune-reactive protein bands on the membranes were detected using an enhanced chemiluminescence (ECL) detection system (Amersham, Little Chalfont, UK). The primary rabbit polyclonal anti-Acan antibodies (sc-25674; dilution 1:300) used in these experiments were purchased from Santa Cruz Biotechnology, Inc.; rabbit polyclonal anti-HS6ST2 antibodies (bs-17394R; dilution 1:200), rabbit polyclonal anti-SOX9 antibodies (bs-4177R; dilution 1:500) and rabbit polyclonal anti-GAPDH antibodies (bs-0459R; dilution 1:800) were purchased from Bioss. The protein gray value was measured using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA). The fold changes were calculated by normalization to the control group.
Cell growth and viability assay. Cell growth and viability were examined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells stably expressing HS6ST2 or shHS6ST2 were seeded in 96-well plates at 1x10 4 cells/well in the absence of FGF-2 and incubated for 24, 48 and 72 h. Subsequently, the old medium was discarded and fresh medium was added, with MTT solution (5 mg/ml diluted in PBS) at 20 µl/well. After being cultured for a further 4 h, the formazan crystals which had formed were dissolved by the addition of dimethyl sulfoxide (150 µl/well; Sigma). The absorbance value was quantified at 490 nm using a microtiter plate reader (Thermo Electron Corp.).
Luciferase activity assays. Wnt signaling activity was measured by luciferase activity assay, which was indicated by the activity of the T-cell factor (TCF)-responsive reporter. The cells were co-transfected with pcDNA3.1-HS6ST2 or LV-shHS6ST2 and TCF-responsive reporter, TOPFlash Firefly luciferase reporter vector (Addgene, Cambridge, MA, USA) and Renilla luciferase vectors phRL-TK (Promega, Madison, WI, USA). Following transfection for 24 h, the cells were harvested and lysed; the luciferase activities were quantified using the dual-luciferase reporter assay kit (Promega).
Data analysis. Data are reported as the means ± standard deviation (SD). Statistical analysis was performed using SPSS version 5 (SPSS Inc., Chicago, IL, USA). One-way analyses of variance (ANOVA), followed by Bonferroni post-hoc tests, were employed to evaluate the statistical differences. Differences were considered statistically significant at p-value <0.05.
Results

HS6ST2 accelerates the FGF-2-mediated growth of chondrocytes.
In order to investigate the role of HS6ST2 in chondrocytes, we transfected prechondrocytic ATDC5 cells with pcDNA3.1-HS6ST2 or LV-shHS6ST2, thus inducing the stable overexpression of HS6ST2 (Fig. 1A and B) or the silencing of HS6ST2 expression (Fig. 1C and D) . We then investigated the effects of HS6ST2 overexpression on the growth of prechondrocytic ATDC5 cells. The results of MTT assay indicated that FGF-2 markedly increased the growth of the cells, and this growth was further enhanced by the overexpression of HS6ST2 ( Fig. 2A) . By contrast, the knockdown of HS6ST2 significantly inhibited the FGF-2-mediated growth of chondrocytes (Fig. 2B) . Taken together, these results indicate that HS6ST2 plays an important role in the FGF-2-mediated growth of chondrocytes.
Overexpression of HS6ST2 enhances FGF-2-mediated chondrocyte differentiation.
To examine the role of HS6ST2 in chondrocyte differentiation, we examined the expression of the chondrocyte differentiation-associated gene, Acan. The results from RT-qPCR demonstrated that the mRNA expression level of Acan was significantly increased by treatment with FGF-2, which was applied during ATDC5 differentiation for 5 or 10 days (Fig.3A) . The overexpression of HS6ST2 further induced the mRNA expression levels of Acan in the presence of FGF-2 (Fig. 3A) . Western blot analysis of the protein expression levels further confirmed the augmentary effect of HS6ST2 overexpression on the expression of Acan in the presence of FGF-2 (Fig. 3B) . Moreover, HS6ST2 overexpression significantly increased the amount of proteoglycans in the extracellular matrix (Fig. 3C ). These findings indicate that the overexpression of HS6ST2 enhances chondrocyte differentiation induced by FGF-2.
Knockdown of HS6ST2 reduces FGF-2-mediated chondrocyte differentiation.
To further investigate the effects of HS6ST2 on chondrocyte differentiation, we transfected the ATDC5 cells with LV-shHS6ST2, which silenced the expression of HS6ST2. We then analyzed the effects of the silencing of HS6ST2 on FGF-2-mediated chondrocyte differentiation. The results from RT-qPCR demonstrated that the mRNA expression level of Acan, which was increased by treatment with FGF-2 during differentiation, was abrogated by the silencing of HS6ST2 (Fig. 4A) . The results of western blot analysis further confirmed that the knockdown of HS6ST2 significantly decreased the protein expression level of Acan (Fig. 4B) . Moreover, the silencing of HS6ST2 significantly decreased the amount of proteoglycans in the extracellular matrix (Fig. 4C ). In conclusion, these data indicated that the knockdown of HS6ST2 blocked the chondrocyte differentiation induced by FGF-2.
Overexpression or knockdown of HS6ST2 affects SOX9 expression and the Wnt signaling pathway.
To further delineate the role of HS6ST2 in regulating FGF-2-mediated signaling, the effects of HS6ST on the downstream gene, SOX9, were examined. The results revealed that the overexpression of HS6ST2 significantly enhanced both the mRNA (Fig. 5A ) and protein (Fig. 5C ) expression levels of SOX9 in the FGF-2-treated cells, whereas the silencing of HS6ST2 had the opposite effect ( Fig. 5B and D) . Furthermore, Wnt signaling activity was also regulated by HS6ST2. HS6ST2 overexpression downregulated Wnt activity (Fig. 5E) , and HS6ST2 knockdown increased Wnt activity (Fig. 5F ). Taken together, these data indicate that the modulation of HS6ST2 expression is involved in regulating SOX9 expression and Wnt signaling activity.
Discussion
In the present study, we demonstrated that HS6ST2 is involved in the regulation of chondrocyte differentiation by modulating FGF-2 signaling. We found that the FGF-2-mediated chondrocyte differentiation was enhanced by HS6ST2 overexpression and inhibited by the knockdown of HS6ST2. Furthermore, the major transcription factor for regulating chondrocyte differentiation, SOX9, which is regulated by FGF-2 signaling (20), was also regulated by the modulation of HS6ST2 expression. These data suggest that the dysregulation of HS6ST2 is involved in regulating endochondral ossification and is associated with skeletal dysplasias. Over the years, the role of HS6ST2 has been widely investigated. It has been noted previously that HS6ST2, as well as HS6ST1, is overexpressed in ovarian cancer cells (24) . The inhibition of HS6ST2 expression has been shown to effectively suppress the proliferation, migration and invasion of pancreatic cancer cells (11). Pollari et al (25) demonstrated that HS6ST2 is an important gene for transforming growth factor-β-induced interleukin-11 production in a mouse model of breast cancer bone metastasis. Recently, HS6ST2 was found to be abundantly expressed in colorectal cancer, and the increased expression of HS6ST2 was found to be associated with poor survival, which is considered a cancer-related marker (26) . Di Maro et al (27) demonstrated that HS6ST2 was overexpressed in thyroid carcinoma samples, and that the silencing of HS6ST2 impaired cell invasion and migration. Aside from cancer, HS6ST2 has also been reported to be involved in embryonic stem cell differentiation (28) and idiopathic pulmonary fibrosis (29) . In our previous study, we demonstrated that both the mRNA and protein levels of HS6ST2 were significantly downregulated in the cartilage of patients with osteoarthritis or Kashin-Beck disease (23) . In particular, the silencing of HS6ST2 reduced cell viability and altered the expression of cartilage-related genes. Consistently, in another previous study, HS6ST2 exhibited an increased expression during cartilage tumour progression (30) . These data indicate that HS6ST2 is relevant to chondrocytes. As a whole, these findings suggest that HS6ST2 is associated with signal transduction pathways, and thus, in regulating cellular processes in chondrocytes.
Previous studies have suggested that FGF is the most potent mitogen for chondrocytes, and that the 6-O-sulfation of heparan sulfate is required for receptor dimerization for FGF signaling (31, 32) . It has been noted previously that the inhibition of the expression of HST6ST2 significantly compromised FGF-2-and vascular endothelial growth factor (VEGF)-induced endothelial cell angiogenesis (33) . It has also been reported that HS6ST2 plays a critical role in mediating energy metabolism by controlling signals from the FGF-19 subfamily proteins, and that HS6ST2 dysregulation is associated with glucose and insulin intolerance (34) . The deletion of HS6ST1 and HS6ST2 has been shown to disrupt the FGF-10-FGFR2b-heparan sulfate complex on the cell surface, thus demonstrating the profound effect of FGF signaling on mammalian development (35) . In the present study, we demonstrated that the FGF-2-mediated chondrocyte growth and differentiation was regulated by HS6ST2, that the overexpression of HS6ST2 significantly enhanced FGF-2-mediated chondrocyte growth and differentiation, while the silencing of HSTST2 abrogated the FGF-2-mediated chondrocyte growth and differentiation. Therefore, our findings suggest that the HS6ST2-catalyzed 6-O-sulfation of heparan sulfate is essential for the FGF-2-mediated chondrocyte growth and differentiation.
Murakami et al (20) indicated that FGF-2 promotes chondrocyte differentiation through the induction of SOX9 and its downstream signaling, which is required for chondrocyte proliferation, differentiation and phenotypic stability (22, 36) . It has previously been reported that SOX9 and Wnt/β-catenin regulate chondrocyte proliferation and differentiation in a mutually antagonistic manner (37). Asai et al (38) reported that low-density lipoprotein receptor-related protein 4 accelerates chondrocyte differentiation by increasing SOX9 expression and inhibiting Wnt/β-catenin activity. SOX9 is capable of facilitating the degradation of β-catenin, whereas β-catenin interacts with the C-terminal transactivation domain of SOX9, thereby blocking the function of SOX9 (37) . In the present study, we found that HS6ST2 overexpression enhanced SOX9 expression and inhibited Wnt/β-catenin activity in the FGF-2-treated chondrocytes, whereas the silencing of HS6ST2 caused the opposite effect. It is intriguing that unlike FGF and VEGF growth factors, the 6-O-sulphation of heparan sulfate inhibits the binding of Wnt to their receptors (39) . Therefore, it is possible that HS6ST2 inhibits Wnt signaling activity, which plays a role in maintaining the function of SOX9 during chondrocyte differentiation.
In conclusion, the present study provides evidence that HS6ST2 is associated with chondrocyte growth and differentiation by modulating FGF-2 signaling. Our results demonstrated that 6-O-sulphation mediated by HS6ST2 played an important role in endochondral ossification. Therefore, it can be suggested that HS6ST2 is a potential and valuable molecular target for the treatment of skeletal dysplasias, such as dwarfism. However, this study only investigated the role of HS6ST2 in chondrocyte growth and differentiation in vitro. Therefore, further studies are warranted using animal models in vivo in order to delineate the precise mechanisms of action of HS6ST and its role in the regulation of chondrocyte growth and differentiation.
